Abstract Microalloying of pure gold, which has the highest biocompatibility but relatively low yield strength and poor wear resistance, might improve its applicability as adornments and biomedical implants. The objective of this study was to analyse the microstructure and biocompatibility of gold-lanthanum (Au-0.5 wt% La) microstrips as a potential biomaterial in dentistry or medicine. We found that microalloying of Au with La produced very fine nanosized grains homogeneously dispersed through the entire volume of the rapidly solidified (RS) alloys. This initiates the formation of Au 6 La phase which increases strength and hardness of the alloy significantly. By RS, large reduction of grains and microsegregation increases the strength of the alloy additionally. Our results suggest that Au-La microstrips, although non-cytotoxic for L929 cells, rat thymocytes, rat peritoneal macrophages (PMØ) and human peripheral blood mononuclear cells (PBMNCs), can activate immune cells. Namely, RS Au-La microstrips stimulated the production of nitric oxide (NO) by PMØ. Using a model of phytohemaglutinine (PHA)-stimulated human PBMNCs, we found that RS Au-La strips increased the proliferation of these cells and stimulated the production of Th1, Th17 cytokines, and immunoregulatory cytokine IL-10. Our results suggest that RS Au-La microstrips are biocompatible, but they can modulate the immune response. Therefore, their use as potential implants should be considered carefully.
Introduction
Gold alloys are used in dentistry, not only for their preferred golden colour but also because they maintain an extremely high chemical stability in the mouth. They also possess several desirable mechanical properties, such as high strength, ductility and elasticity [1] . When considering the formulations of gold-based high noble alloys for porcelain bonding and other applications in dentistry, it is important to ensure all the required biomechanical properties, including not only their easy cast into thin sections but also their good biocompatibility. Pure gold, which has the highest biocompatibility, has relatively low yield strength and poor wear resistance, which limits its applicability in adornment and other biomedical applications. To improve these properties, the alloying elements such as silver, palladium, zinc and platinum are usually added [1, 2] . Dental alloys with high gold content were shown to have good biocompatibility due to the high corrosion resistance of gold. However, in vitro studies have demonstrated the release of alloying elements in culture media, artificial saliva or distilled water. Some of them could reach the levels that cause detectable cytotoxic effect [2, 3] . Metal corrosion depends on an alloy's composition and microstructure, biomechanical conditions, mode of casting and polishing, composition and electrolyte characteristics of solutions used for alloy conditioning, size of the alloy's surface area exposed to solutions, duration of incubation time and other factors [4, 2] .
The mechanical properties of pure gold can also be improved significantly by microalloying [5] [6] [7] . In recent years, significant effort has been made to increase the hardness of 24-carat gold alloys with a minimum of 99.5 wt% of Au [8] , but such alloys exhibit only slightly higher hardness than pure gold in an annealed state. The usual alloying elements in microalloyed gold are used mainly as a grain refiner. In general, intensive work hardening can be achieved in the metals with decreasing grain size. However, in the finegrained alloys with low stacking fault energy, deformation with twinning can prevail as the main operative deformation mode. This decreases the effect of work hardening. Therefore, in gold, which is a metal with low stacking fault energy, no obvious strengthening can be expected by plastic deformation and grain size reduction. Therefore, it is necessary to introduce some other mechanisms of alloy strengthening, such as introduction of alloying elements, which are very different to gold in atomic radius and have lower density, or the use of elements with very low solubility in gold matrix. One such approach is the microalloying of gold with rare earth elements as suggested by theoretical analysis [5] and in our study we decided for lanthanum. Microalloying with lanthanum can serve as deoxidants to facilitate bonding between the alloy and the ceramic or to enhance the strength and colour of the alloy [9] . Consequently, lanthanum can improve the possibility to prepare thin strips by melt spinning. Therefore, Au-La alloys, due to their specific characteristics, might be used as a potential biomaterial for various applications in medicine and dentistry. However, their biocompatibility and immunomodulatory properties are still unknown. Some studies suggested that lanthanum could be a toxic element [10] , but little is known about its behaviour, corrosion stability and biocompatibility within gold-lanthanum alloy.
In this research, 24-carat gold was microalloyed with 0.5 wt% La, which usually have low solubility in gold. Our aim was to characterise Au-La alloy and then to investigate the alloy's biocompatibility using different in vitro models.
Experimental
Preparation and characterisation of gold-lanthanum strips and gold platelets
The investigated alloy Au-0.5 wt% La was made from pure gold 99.99 wt% Au and pure lanthanum 99.9 wt% La. The alloy was prepared by melting and casting in an induction vacuum furnace at Zlatarna Celje under argon (Ar 5.0) inert atmosphere. The starting materials were then heated up to 1,200°C. Melting was performed in a crucible with ceramic insert. A ceramic insert made from Al 2 O 3 with the addition of Cr 2 O 3 is suitable for casting precious metals and has high temperature resistance. From this graphite crucible, the melt was cast into a graphite mould with diameter Ø 18-20 mm.
Rapid solidification was performed by the chill-block melt spinning technique. The alloy was re-melted under an argon overpressure. The stream dropped on the wheel at a 90°angle from a 1.7-mm-thick nozzle positioned 0.8 mm above the wheel rotating at 21 m/s. It was estimated that this speed is optimal for the selected alloy cast at 1,230°C.
Continuous ribbons about 2 mm in width and 0.5-10 μm in thickness were produced. The strips were cut into pieces 2 mm×4 mm, cleaned ultrasonically and sterilised by 70 % ethanol for 5 min. Control gold platelets (5 mm×5 mm× 1 mm) were polished and prepared by using the same procedure. The samples were then used for characterisation and biocompatibility and immunological studies.
The microstructural properties and differences between cast and rapidly solidified samples were generally observed with a light microscope (Nikon Epiphot 300). To accomplish more detailed information of the microstructure constituents and morphology, we used scanning electron microscopy by Sirion NC 400. Specimens for optical microscopy were obtained as vertical cross sections, prepared with standard metallographic methods and etched chemically in a mixture of 60 vol.% HCl and 40 vol.% HNO 3 (for optical microscopy) and a solution of CrO 2 in HCl (for electron microscopy).
Additionally, imaging with transmission electron microscope (TEM) Philips CM12 was performed on submicron particles inside the ribbons using the acceleration voltage 120 kV. Chemical composition was analysed by X-ray fluorescence (XRF). After the preparation of samples and their microstructural analysis, microhardness was measured by Zwick 3212 using a 50-g load.
Cells
The following cells were used as targets for biocompatibility and immunological studies: rat thymocytes; rat peritoneal macrophages (PMØ); L929 mouse fibroblasts; and human peripheral blood mononuclear cells (PBMNCs). Thymocytes were isolated from thymuses of 10-week-old, male, AO rats. The viability of the cells, as determined by 1 % Trypan Blue staining, was higher than 95 %. PMØ were collected by aspiration of peritoneum of anaesthetised rats. The viability of peritoneal cells, of which 80 % were macrophages, was higher than 95 %. L929, a mouse fibroblast cell line, was obtained from ATCC (Washington DC, USA). PBMNCs from eight healthy volunteers, who signed consent forms, were isolated from buffy coats by density centrifugation on Lymphoprep (Nycomed, Oslo, Norway). All studies on animal and human cells were approved by the ethics committee of the Military Medical Academy, Belgrade, Serbia.
The cells were resuspended in RPMI 1640 medium supplemented with 10 % foetal calf serum (FCS, Sigma) and 2-mercaptoethanol (ME, Sigma), 2 mM L-glutamine (Sigma) and antibiotics (Galenika, Zemun, Serbia) including gentamycin (10 μg/ml), penicillin (100 units/ml) and streptomycin (125 μg/ml) (complete RPMI medium) and cultivated at 37°C with 5 % CO 2 for the indicated periods of time.
Cytotoxicity assays
The cytotoxicity of Au-La strips or control gold platelets was tested using 3- [4,5- After incubation of the cells for the indicated period of times, the medium was carefully removed and the wells were filled with 100 μl of MTT (Sigma, Munich, Germany) (1 mg/ mL), dissolved in the complete RPMI medium. The wells with Au-La or Au platelets filled with 100 μl of MTT, but without cells, served as controls. In addition, wells with 100 μl of MTT solution served as blank controls. After a 3-h incubation period (37°C, 5 % CO2), 100 μl/well of 10 % sodiumdodecyl sulphate (SDS)-0.1 N HCl (Serva, Heidelberg, Germany) was added to solubilise intracellularly stored formazan. The plates were incubated overnight at room temperature. The optical density of the colour was then measured at 570 nm in a spectrophotometer (Behring ELISA Processor II, Heidelberg, Germany). The results were expressed as the percentage of optical density (metabolic activity) compared to the control (cultures without Au-La samples), used as 100 % as follows: metabolic activity (%)=(optical density Cell death was determined by staining the cells from cultures with 1 % Trypan Blue. The labelled cells, identified by light microscopy, were considered as dead, predominantly necrotic cells. The percentages of dead cells were determined on the basis of at least 500 total cells from one well. The percentage of viable cells was calculated as 100 % of total cells−% of dead cells. All results were expressed as a mean of triplicates. Additionally, necrosis was confirmed using a staining protocol with propidium iodide (PI) (Sigma) without cell permeabilization by flow cytometry.
Apoptosis was assessed based on the detection of DNA fragmentation. For this purpose, the cultivated cells were collected and then washed with PBS, followed by incubation with PI (10 μg/ml) dissolved in a hypotonic solution (0.1 % sodium citrate+0.1 % Triton-X solution in distilled water). After incubation with PI, the cells were analysed by flow cytometry. L929 cells were detached from the plastic surface by using 0.25 % trypsin (Serva, Heidelberg, Germany) before staining with PI.
For morphological evaluation of apoptosis, the cells were stained with Turk solution. The solution fixes and stains the nuclei, enabling a clear distinction between the chromatin structure in viable and apoptotic cells. At least 500 cells were examined in each sample, and the results are expressed as percentages of apoptotic cells. The detection of different stages of apoptosis and necrosis was analysed by flow cytometry using Annexin-V-fluorescein isothiocyanate (FITC)/PI staining kit (R&D), following the manufacturer's protocol.
Proliferation assays
PBMNCs (1.5×10 6 /ml) were cultivated with Au-La strips or control Au platelets in flat-bottom 96-well plates (ICN, Costa Mesa, CA) (200 μl/well) in an incubator, using complete RPMI medium for 3 days. For stimulation of the cells, phytohemaglutinine (PHA, 30 μg/ml) was added to cell cultures. During the last 18 h of incubation, the cells were pulsed with 1 μCi/well [3H] thymidine (6.7 Ci/mmol, Amersham, Bucks, U.K.). Labelled cells were harvested onto glass fibre filters, and the incorporation of the radionuclide into DNA was further measured by β-scintillation counting (LKB-1219 Rackbeta, Finland). The results were expressed as counts per minute (cpm)±SD of triplicates.
NO and cytokine assays
The effect of RS Au-La strips on production of nitric oxide (NO) by PMØ was assessed after 24-h cultures by measuring the nitrite levels using Griess reaction and calculating the unknown concentrations from the standard curve. The effect of Au-La and Au platelets on cytokine production was studied using a model of PHA-stimulated PBMNCs. PHA-stimulated PBMNC cultures were incubated with Au-La and Au samples for 48 h, harvested and centrifuged, so the cell-free supernatants were collected and stored at −20°C for the subsequent determination of cytokine levels. The levels of cytokines in PHA-stimulated PBMNC culture supernatants were determined using FlowCytomix Human Th1/Th2 11plex Kit from Bender MedSystems (Vienna, Austria), to determine interleukin (IL)-1, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, tumour necrosis factor (TNF)-α, TNF-β and interferon (IFN)-γ levels. The levels of IL-17 in those cultures was determined using corresponding ELISA kits (R&D Systems, Minneapolis, USA), following the manufacturer's instructions.
Statistical analysis
All values are given as mean±standard deviation (SD). The number of samples was four to six. The Student t test, paired t test and ANOVA test were used for evaluating the differences between the experimental and corresponding control samples. The values p <0.05 or less were considered statistically significant.
Results and discussion
Preparation and characterisation of the Au-La alloys Upon preparation of conventionally solidified 24-carat gold microalloyed with 0.5 wt% La, which usually have low solubility in gold, we aimed to characterise the alloy. The phase diagram of Au-0.5 wt% La [11] , suggests that at the Au-rich corner, eutectic reaction occurs and results in two-phase microstructure with solid solution αAu and eutectic (αAu + Au 6 La).
Next, we compared the microstructure of conventionally solidified Au-0.5 wt% La alloy with pure Au (Fig. 1) . Pure gold consists of equiaxed grains approximately 120 μm in size. On the other hand, the microstructure of Au microalloyed by La consists of two phases. It contains mainly primary dendrites with some amount of eutectic phase in the interdendritic space. According to the phase diagram [11] , the primary phase is a solid Au solution, and the eutectic is a combined αAu and intermetallic phase Au 6 La. Au dissolves an infinitively small quantity of La, so the obtained solid solution in stable conditions is almost pure Au. As a result of the relatively fine distribution of eutectic, it can be predicted that the mechanical properties could be improved significantly compared to pure Au already in cast condition.
Rapid discharge of heat from the melt increases undercooling and, consequently, increases nucleation rate. As a result, grain refinement and metastable microstructure are achieved. Rapid solidification was performed by the chillblock melt spinning technique [3] . Figure 2a presents the microstructure of RS Au-0.5 wt% La ribbons 0.5-10-μm Figure 2b suggests that the wheel side of the ribbons has a smooth surface and edge, and at the top side of the ribbons, the surface is wavy as a consequence of the streaming of argon gas above the melt in the travelling direction of the solidifying ribbons. The characteristic texture of the microstructure exhibits the direction of solidification. The wheel side of the ribbon, where solidification is initiated, is at the bottom. Close to this surface, a thin layer of fine equiaxed grains (outer equiaxed zone) is formed. These grains transit into columnar grains and, approximately at the centre of ribbon, into coarse equiaxed grains. The transition from the outer equiaxed zone to the columnar zone can be understood in terms of anisotropic growth effects [12, 13] .
With rapid solidification, grain size was reduced to a few microns and less [13] . Because of unstable conditions during solidification and cooling, besides the reduction of grain size, an increased concentration of thermodynamically stable and unstable microstructure defects is present [14] . We can expect much higher concentrations of vacancies and substitution elements, in this case lanthanum; so the solid solution of gold could be oversaturated and, consequently, there should be smaller fraction of intermetallic phases [15] . With these unstable conditions, microsegregation on primary dendrites can be caused. In our case, coarser intermetallic particles appeared in the interdendritic space. Its degree is increased in the transition from columnar and equiaxed grains [16] .
Rapid solidification in such a system can also have an effect on the fraction of eutectic and its phase composition [17] . If, in such condition, gold solutes over 0.5 wt% of La at eutectic temperature, eutectic reaction could be bypassed. Consequently, we could get a solid solution decorated only by coarser particles. Better interpretation of the formatted microstructure could be obtained by TEM electron images. Figure 2b presents the microstructure of the rapidly solidified ribbons (coarse equiaxed zone), obtained with TEM. Coarser particles can be observed inside the grains and on grain boundaries. They are the result of microsegregation during rapid solidification. Inside the grains, small evenly dispersed particles also formed and the participations present nucleated from the oversaturated solid solution during cooling.
Finally, cast and melt spun samples were analysed individually to observe any possible deviations of chemical composition during heat treatment (re-melting). The data obtained from XRF analysis is presented in Table 1 . One can see that there is a small loss of La after rapid solidification by melt spinning from the initial alloy, possibly because of La lost during the manufacturing process (manipulation, more working phases, etc.) and because La oxidises more easily compared to Au.
Microhardness of Au-La alloys
Next, we investigated the mechanical properties of the obtained alloys by measuring microhardness. In Fig. 3 , the microhardness of pure Au, slowly solidified Au-La and rapidly solidified Au-La is presented. From these results, the high strengthening effect achieved by La and additional strengthening by rapid solidification can be determined as is predicted, besides a small loss of La during rapid solidification by melt spinning [17] . Pure Au has almost three times lower hardness in comparison to Au-0.5 wt% La, which reached up to 79 HV. This is due to participation of a hard secondary phase containing the intermetallic phase Au 6 La. Rapid solidification of this alloy increased hardness further to a maximum value of approximately 99 HV.
More detailed research was made on rapidly solidified samples. Microhardness was measured in the columnar and coarse equiaxed grain zones. In the columnar zone, much higher microhardness was achieved than in the coarse zone. These results cannot give us exact values, only relative predictions, because of the very small thickness of the ribbons. Namely, if the smaller indentations were chosen, measurements would not give us the hardness of material but hardness of the phases. The microstructural gradient in the cross section of ribbon, which is due to the gradient of solidification rate, leads to the large differences in material hardness. In this case, the difference between hardness close to the free surface and hardness close to the wheel surface is almost 25 %. Cytotoxicity of RS Au-La strips in animal cell cultures
After showing that microalloying of Au with La could introduce better mechanical properties to the alloy, and that these could further be improved by rapid solidification, we wondered whether the RS Au-La alloys induce cytotoxicity in vitro. First, we tested the effect of RS Au-La strips on cytotoxicity of rat thymocytes, rat PMØ and L929 cells animal cells in vitro. These three different cell types were chosen for this part of study for the following reasons: L929 cells are the most commonly used targets for biocompatibility testing due to their sensitivity to the toxic effect of different materials and their soluble products and therefore are recommended by ISO standards as a screening cell target in biocompatibility studies [18] . Our previous original studies showed that rat thymocytes are more sensitive target for testing the biocompatibility of dental and implant materials than recommended L929 cells [4] . PMØ, a part of mononuclear phagocyte system, are recommended for biocompatibility studies of implant materials because the cells are the first ones responding to foreign materials by producing pro-inflammatory mediators [19] . By using viability and apoptosis assays, it has been shown that Au-0.5 wt% La strips are not cytotoxic for the tested animal cells (Fig. 4a-c) .
Lower viability of thymocytes and PMØ in both control wells and wells containing Au-La strips, compared to L929 cells, is a consequence of spontaneous cell death by apoptosis [20, 19] , and such a finding was confirmed using apoptosis tests. Both morphological and flow cytometry methods showed that Au-La strips did not cause apoptosis of the examined cells. Higher viability of L929 cells followed by very low rate of apoptosis could be explained by the fact that the cells are transformed (immortalised), showing high proliferative activity and low death process in vitro. Such results are encouraging for further studies because materials which cause cytotoxic effects in short-term culture are not advisable for insertion into human body as implants [21] .
Effects of RS Au-La strips on NO production by peritoneal macrophages
Our previous study has suggested that gold-based material, although not cytotoxic, could induce functional response of immune cells [22, 23] . To study the functional response of PMØ to Au-La strips, we have measured the production of NO, with or without additional stimulation by lipopolysaccharide (LPS), a known stimulator of TLR4-mediated activation of macrophages [24] . NO is an important molecule involved in different physiological and pathophysiological processes in the organism [25] . PMØ are an important source of NO, and the level of its production could serve as a sensitive parameter of PMØ activation [26] . The results presented in our study suggest that RS Au-La strips trigger the production of NO by non-stimulated PMØ, whereas the material does not significantly modify the production of NO by LPS-stimulated PMØ (Fig. 5) . /ml) were stimulated with LPS (100 ng/ml) during 24-h cultivation in the presence or absence of RS Au-La strips, after which the supernatant was collected and subjected to Griess reaction. ** p<0.01 compared to corresponding medium control These results suggest that Au-La strips, although noncytotoxic for PMØ, are able to activate these cells. Lack of increased NO production by PMØ treated with both LPS and RS Au-La strips could be a consequence of its overstimulated production by LPS alone [27] . Alternatively, lanthanum may specifically interact with LPS signalling, disallowing further increase in NOS activity. In line with this, it was shown that LaCl 3 inhibits LPS-induced production of NO by RAW264.7 macrophages [28] , by inhibiting the induction of NF-κB expression upon stimulation [29, 30] . Additionally, it was shown that small concentrations of lanthanum can inhibit the production of active oxygen free radicals by PMØ at low concentration, but it turned out contrary at high concentration [31] . Lou et al. showed that LaCl 3 (2.5 μM) may somewhat increase the production of NO by macrophages in the absence of LPS [28] , but the effect was not significant. The much stronger effect we observed in this study could be due to a specific action of Au-La surface, in addition to the effects of ionic or surface concentrated lanthanum. To evaluate this hypothesis, an additional control was included in the following study, namely, the pure gold platelets.
Cytotoxicity of RS Au-La strips on human PBMNCs
The response of animal and human cells can differ significantly [32] , including the response to a biomaterial [33] . Therefore, the second part of biocompatibility study was designed to investigate the cytotoxic and immunomodulatory effect of RS Au-La strips on human PBMNCs isolated from eight healthy volunteers. As an additional control, platelets prepared from pure gold were used.
MTT assay and Annexin-FITC/PI assay showed that neither gold-lanthanum strips nor gold platelets induce cytotoxic effects on human PBMNCs (subpanels a and b of Fig. 6 , respectively). Based on the previous results on animal cells and human cells, it can be concluded that Au-La and pure Au do not induce acute cytotoxic effect. Since there are no cytotoxic effects in short-term culture, such materials are advisable for insertion into human body as implants. However, the response of the cells after prolonged exposure to RS Au-La strips remains to be evaluated before their safe biomedical application.
Immunomodulatory properties of RS Au-La strips in culture of stimulated PBMNCs Even though the RS Au-La strips were not cytotoxic for rat PMØ, they caused the activation of these cells in culture without additional stimuli. Therefore, we aimed to investigate whether human PBMNCs could be functionally different when cultivated with RS Au-La strips.
The effect of Au-La strips and Au platelets on proliferation of PHA-stimulated PBMNC is presented in Fig. 7a . The results suggest that Au-La strips, in contrast to control Au platelets, stimulate proliferation of PHA-stimulated PBMNCs. This is a very interesting and unexpected finding which could be explained by the specific effect of La released from the surface of the strips or more probably by specific effect of AuLa surface compared to Au platelet surface. In line with the former hypothesis, it was shown that LaCl 3 may promote proliferation and cytoskeleton reorganisation of rat osteoblasts via activation of focal adhesion kinase (FAK) [34] and increase proliferation of 3T3-L1 cells [35] . Interestingly, the same element can inhibit growth of cancer cells, by increasing the expression of p53, p16 and p21 [36] . It is unlikely that the possible release of contaminating metal ions from Au platelets or Au-La strips is responsible for any of the observed biological effects. By using an inductively coupled plasma-atomic emission spectrometry (ICP-AES) analysis, neither of the trace elements was detected in conditioning medium prepared from these samples (data not shown).
Previous results related to the proliferation of PBMNC are confirmed by analysing the cytokine profile in supernatants of these cultures. Namely, we found significantly higher levels of INF-γ in cultures with RS Au-La strips and lower levels of IL-2 (Fig. 7b) .
IL-2 is a major proliferation-inducing factor of lymphocytes which they produce, and utilise via IL-2R, in an autocrine and paracrine manner [37] . Lower levels of IL-2 in culture supernatants could be a result of its increased utilisation by the proliferating cells. The levels of IL-2 were even lower in PBMNC cultures with control Au platelets, and this finding is also in accordance with slightly higher proliferative activity of these cultures compared to control PHAstimulated cells. IFN-γ is the major cytokine produced by Th1 cells, suggesting that RS Au-La strips promote Th1 differentiation of lymphocytes.
The levels of Th2 cytokines (IL-4 and IL-5) (Fig. 7b ) in cultures with Au-La strips or Au platelets were lower compared to corresponding controls, but due to significant individual variations between samples, the differences were not statistically significant. Lower levels of Th2 cytokines could be explained by the increased production of Th1 (IFN-γ) cytokines. The IFN-γ enriched environment most probably caused the lower production of Th2 cytokines (IL-4 and IL-5) in the cultures, since it was shown that IFN-γ through the transcription factor T-bet inhibits GATA-3-dependent differentiation and proliferation of Th2 cells [38] . It is interesting that Au-La strips significantly increased the production of anti-inflammatory cytokine, IL-10, and a Th17 cytokine, IL-17 (Fig. 7b) . The production of IL-17 is also triggered by pure Au. To our knowledge, such results have not been published yet, and without detailed timing of cytokine production and precise identification of their cellular sources, it is difficult to explain the physiological significance of this finding. IL-10, a key immunoregulatory cytokine, is produced by both antigen presenting cells (APCs) and T cells [39] . IL-17 is a key cytokine produced by a subset of memory T cells (Th17 cells) upon stimulation with IL-6 or IL-1β and TGF-β [40] . At the moment, it is not clear why Au-La strips trigger production of both Th1 (IFN-γ) and Th17 (IL-17) cytokines with proinflammatory properties, and IL-10, a cytokine with downmodulatory activity. It is possible that increased production of IL-10 is an important physiological feedback mechanism to control excessive T cell activation [41, 42] . In the context where lanthanum alone may exhibit anti-tumour effects [37] , increased Th1/Th17 polarisation capacity of RS Au-La strips could be beneficial additionally for anti-tumour therapies, since such increased levels of Th1 and Th17 cytokines correlate with a good prognosis for tumour-bearing patients [43] . IFN-γ production is stimulated predominantly by IL-12 produced by APCs, and it induces a positive feedback loop for its own production [44] . Indeed, when measuring the levels of IL-12 in PHA-stimulated cultures, we found that RS Au-La strips statistically significantly increased the production of IL-12 ( Fig. 8) by PBMNCs. IL-12 is a key cytokine stimulating Th1 polarisation activity of T cells [44] , and our finding that the level of IL-12 correlated with increased production of IFN-γ supports this phenomenon. The levels of IL-12 in PBMNC cultures were relatively low because accessory cells, comprising up to 15 % of total PBMNCs, are its main producers.
By further analysing cytokine production by PHAstimulated PBMNCs, we found that neither RS Au-La strips nor pure Au platelets modulate significantly the production of pro-inflammatory cytokines IL-6, IL-1β, TNF-α and TNF-β (Fig. 8) . Unexpectedly, we observed that Au-La strips inhibit the production of IL-8. IL-8 plays different roles both in innate and specific immunity [45] . It is a main chemoattractant for recruitment of neutrophils to the inflammatory sites [46] . Therefore, lower production of this chemokine in the presence of Au-La, as a possible biomaterial, could be beneficial for down-regulation of non-specific inflammatory responses [45] . It is interesting that IL-17 cytokine production was increased without the increase of IL-6 or IL-1β, which are important for its induction [39] . These findings suggest that other cytokines responsible for Th17 development, such as IL-23 [46] , could be increased, which needs to be determined additionally.
Considering that the proliferation and cytokine production in the model of PHA-stimulated PBMNCs depends on presence of APCs within cell population, predominantly monocytes, it can be hypothesised that the effects of RS Au-La strips were mediated by functional modulation of APCs within PBMNC population. These results suggest that RS Au-La strips, although non-cytotoxic for animal cells (thymocytes, L929 cells and PMØ) and human PBMNCs, can activate them. We found an increased production of Th1 and Th17 cytokines along with increased production of IL-10, as a very important down-regulatory cytokine in PBMNC cultures stimulated with PHA [41, 42] . It seems that Au-La strips modulate predominantly adaptive immunity, mediated by T cells, without significant influence on the components of innate immunity, as judged by measuring the levels of pro-inflammatory cytokines produced by the cells of monocyte-macrophage system. However, it remains to be tested whether and how activation of APCs in our experimental system influences this arm of immunity. The dominant effect was observed on stimulation of Th1 and Th17 and down-regulation of Th2 responses. Since all these responses are mediated by APCs, it is important to further study not only the effect of Au-La strips on Th polarisation capability of APCs but also on their immunophenotypic characteristics. 
Conclusion
The microalloying of Au by La initiates the formation of Au 6 La at a small alloying concentration. Such microalloying increases the strength and hardness significantly, caused by distribution of the primary phase between dendrites. Furthermore, with rapid solidification, a large reduction of grains and microsegregation increases the strength of the alloy additionally. Such mechanical properties could be outstanding for the preparation of biomedical constructs and prosthesis of various thicknesses. Since the alloy still contain 99.5 wt% of gold, it is expected to be tolerated well by the organism. Indeed, RS AuLa strips do not cause acute cytotoxicity in animal (L929 fibroblasts and rat PMØ) and human PBMNCs but can activate them. Therefore, care should be taken as to whether the ribbons will induce a desired or an adverse immunomodulatory effect in potential recipients. Namely, in conditions with the pathological Th17-or Th1-mediated inflammation, the implantation of RS Au-La strips could be adverse since they can exacerbate such conditions. On the other hand, in the Th2-dominant immunopathology, implanted RS Au-La strips could inhibit the Th2 inflammatory process and induce tolerogenicity. To prove this hypothesis, extensive in vivo studies on different animal models should be conducted.
